The distribution of ribosomal protein binding sites on the 16S ribosomal RNA molecule has been analyzed by limited ribonuclease hydrolysis of RNA-protein complexes, as well as by the interaction of individual proteins with RNA fragments purified from partial enzymatic digests. Of the six 30S subunit proteins known to interact directly with 16S RNA, proteins S4, S8, S15, S20, and, probably, S13 bind within a fragment produced by T1 RNase (12S RNA) that comprises some 900 nucleotides and covers almost the entire 5'-terminal half of the 16S molecule. A fragment of 500-00 nucleotides (8S RNA) that is contiguous with 12S RNA and arises from the 3'-terminal portion of the 16S molecule is believed to contain the binding site for protein S7. Protein S15 interacts specifically with a sequence of about 135 nucleotides (4S RNA) that derives from 12S RNA after more extensive hydrolysis. Protein S4, but none of the other ribosomal proteins, binds to a 500-nucleotide fragment (9S RNA), generated by pancreatic RNase, that lies at the 5'-terminus of 16S RNA and is completely overlapped by the 12S fragment. A preliminary map of the binding sites is presented.
Reconstitution of the 30S ribosomal subunit of Escherichia coli proceeds by the sequential and cooperative addition of 20 or 21 different proteins to 16S RNA (1) . In the initial stages of the assembly sequence, six ribosomal proteins directly interact with independent binding sites on the RNA molecule (1) (2) (3) (4) . The specific structural features that permit ribosomal RNA to recognize and bind these proteins are not known.
We have undertaken experiments to locate and characterize the protein binding sites on the 16S RNA molecule by investigating the interaction of individual ribosomal proteinswith specific fragments of 16S RNA, produced by limited enzymatic hydrolysis. In particular, we have studied the binding of RNA fragments to each of the six ribosomal proteins of the E. coli 30S subunit that have been shown to react directly with 16S RNA: S4, S7, S8, S13, 515, and S20, according to the nomenclature of Wittmann et al. (5) 1:20, two large RNA fragments, sedimenting at about 12 S and 8 S, are produced; together, these components account for most of the original 16S molecule. When the T, RNase to RNA ratio is increased to 1:5, hydrolysis is more extensive; fragments of about 10 S and 4 S are generated from the 12S RNA, as demonstrated by nucleotide sequence analysis, and the 8S RNA is degraded to small oligonucleotides. Fragments with the same sedimentation rates result when enzymatic digestion is performed after individual ribosomal proteins have been attached to the 16S RNA (Fig. 1, dashed curves) .
The action of pancreatic ribonuclease A on 16S RNA is also limited under similar conditions, and the presence of bound protein again affords the RNA no additional protection. At an enzyme to substrate ratio of 1:20, the principal component in the digest sediments at about 11 S; an increase of the ratio to 1: 5 results in fragments with apparent sedimentation coefficients of 9 S and 4 S.
The resistance of large RNA segments to RNase digestion in these experiments is attributable to the high concentration of Mg++ ions in the incubation buffer; reduction of the Mg++ concentration alone renders the 16S RNA more labile to degradation, whereas removal of mofnovalent cations has no effect on fragment size. Since the RNA chain possesses a high degree of secondary structure and a compact conformation at the Mg++ concentrations used (6) (Fig. ic) . Parallel experiments showed that proteins S8, S13, and S20 also remain bound to the lOS fragment. Protein S15, however, cosediments mainly with 4S RNA (Fig. le) (12) . Unresolved protein components were fractionated on carboxymethylcellulose at pH 5.6 (13) . Proteins were identified by polyacrylamide gel electrophoresis; peak fractions were pooled, concentrated by ultrafiltration, and stored at -20°. Aliquots were dialyzed to remove urea before binding experiments. Unlabeled ribosomal proteins were prepared in the same manner. A complete description of the techniques used is published elsewhere (9) . hr (e) at 33,000 rpm. Spinco SW41 and International SB283 rotors were used interchangeably. After the gradients were fractionated, 100 pg of bovine serum albumin and 1 ml of 10% CiSCOOH were added to each tube, and the precipitates were collected on glass-fiber filters. (Small oligonucleotides are not precipitable under these conditions.) Radioactivity was measured in a scintillation counter in a cocktail containing 4 g of Omnifluor per liter of toluene. 'H spillover in the 14C channel was negligible; that of 14C in the 'H channel varied between 10-12%, and was subtracted before data were plotted. Direction of sedimentation is from left to right. When individual 16S RNA-protein complexes are hydrolyzed with pancreatic RNase at an enzyme to substrate ratio of 1:5, proteins S4 and S15 cosediment with the 9S and 4S components, respectively. Proteins S7, S8, S13, and S20 do not remain bound to either fragment after digestion, but are recovered at the top of the sucrose gradient.
Binding of proteins to isolated RNA fragments To determine whether isolated 12S and 8S RNA fragments possess intact binding sites, both were prepared from uncomplexed 16S RNA and incubated individually with each of the six ribosomal proteins. Fig. 2 demonstrates that proteins S4, S8, S15, and S20 bind to 12S RNA, but not to 8S RNA. Proteins S7 and S13 interact with neither fragment, a finding that suggests that their binding sites have been modified or destroyed as a result of RNase digestion.
Three proteins that do not bind to 16S RNA, S1, S5, and S19 [P1, P4, and P13, respectively, in the nomenclature of Nomura, (refs. 1 and 5)] were tested for their ability to form complexes with 12S RNA. None of these proteins interacted with the fragment, implying that no new binding sites had been gratuitously generated through cleavage.
Purified 4S and 9S RNA fragments each bound a single ribosomal protein. The 4S component, isolated from T1 RNase digests of uncomplexed 16S RNA, specifically interacted with protein S15 (Fig. 3a) . The 9S RNA, produced by pancreatic RNase hydrolysis of uncomplexed ribosomal RNA, bound only protein S4 of the six proteins capable of direct interaction with intact 16S molecules (Fig. 3b) .
Characterization of the RNA fragments The fragments described above were isolated from 82p_ labeled 16S RNA, and analyzed by the fingerprint technique of Sanger and coworkers (7) . Comparison of the oligonucleotides identified in the fingerprints with known sequences in the 16S RNA permitted us to deduce the size, integrity, and Fig. 6 ).
The 12S and 8S components consist of about 900 and 500-600 nucleotides, respectively. The 5'-terminus of the 12S fragment lies within Section L, possibly as few as 10-15, and no more than 50, nucleotides from the 5'-terminus of the 16S RNA (see Fig. 6 ). The 3'-terminus of this component falls near the middle of the molecule, within the following sequence 4or4 of Section D, CCUUCGUGCAUCACG, and is contiguous with the 5'-terminus of the 8S fragment. The 3'-end of the 8S RNA falls within Section A, about 50 nucleotides from the 3'-terminus of the 16S RNA molecule. The 12S component could not have suffered any major excisions during preparation, since all the unique oligonucleotide sequences known to occur between its 5'-and 3'-termini are present in roughly equimolar amounts. However, at least two internal oligonucleotides (AUCUG and AAUACCG from Section K) are missing from the 8S RNA.
The lOS fragment contains most of the same oligonucleotides that are present in the 12S RNA, although the absence of several sequences known to lie in the interior of the region covered by the 12S RNA suggests that some internal segments were excised. Fingerprints of the 12S, 8S, and 10S RNAs are published elsewhere (9 The structure of the 4S RNA resulting from RNase T1 digestion is of particular interest, since this fragment interacts specifically with protein S15. The fingerprint of the 4S RNA (Fig. 4a ) revealed all the unique sequences of Sections C and C', which lie near the 3'-end of the 12S RNA (see Fig. 6 ). The partial sequence of the fragment, which contains some 135 nucleotides, is presented in Fig. 4b . Although beth 4S and 10S RNAs derive from the 12S fragment, the relationship between them is not clear, since the lOS component also appears to contain some of the unique sequences of Section C.
The 11S product arising from partial pancreatic RNase digestion of the 16S RNA was shown to be very similar to the 12S T, fragment by fingerprint analysis, although it also contained the 5'-terminal oligonucleotide of the 16S RNA (9) . Fig. 3 , was completely hydrolyzed with T, RNase in the presence of bacterial alkaline phosphatase (14) . Resulting oligonucleotides were fractionated by two-dimensional electrophoresis on (i) cellulose acetate in 5% acetic acid-7 M urea, pH 3.5 (right to left) and (ii) DEAE-paper in 7% formic acid (top to bottom), according to Sanger et al. (7) . It was possible to identify all of the oligonucleotides by analysis of both their position in the fingerprint and the products arising from them after digestion with pancreatic RNase; spots are numbered according to the complete catalogue of T1 RNase oligonucleotides compile d by Fellner et al. (15) . (b) Partial nucleotide sequence of 4S RNA. The major component of the 4S RNA is made up of Sections C (5-half) and C' (3-half). The sequence of Section C is known, and a possible secondary structure, consisting of a loop with an extended, highly base-paired stem, is illustrated. Although the sequence of Section C' is not yet complete, it may be able to form a similar loop, as judged from its resistance to partial hydrolysis with T1 RNase. The 9S RNA, which specifically binds protein S4, is estimated to contain about 500 residues from an analysis of the oligonucleotides present in its fingerprint (Fig. 5a ). This material originates within Section L at a point no more than 50 nucleotides from the 5'-terminus of the 16S RNA, and includes Sections F, H, M, B, and I, as well as intervening segments (Figs. 5b and 6 ). The 3'-terminus of the 9S RNA occurs after the sequence UUAAUCG in Section N. The absence of several internal oligonucleotides, notably CUCA-CCUACG and UAACG, indicates that a number of small excisions occurred during pancreatic RNase digestion. In accord with this observation, the 9S RNA was found to separate into several smaller fragments when electrophoresed in a polyacrylamide gel containing 8 M urea. An independent investigation of RNA fragments that bind to protein S4 is consistent with our findings (10).
Location and nature of the ribosomal protein binding sites Our present knowledge about the distribution of ribosomal protein binding sites on the 16S RNA molecule is summarized in Fig. 6 . Each of the proteins S4, S8, S15, and S20 can interact with the 900-nucleotide 12S fragment that covers almost the entire 5'-half of the RNA molecule. The binding site for protein S4 is located within a sequence of 500 nucleotides that lies at the 5'-end of the 12S RNA, and extends from Section L to Section N. The site for protein S15 is within Sections C and C', near the 3'-end of the 12S fragment. Protein S13 may also bind within the 5'-half, since it sediments with the 12S RNA after degradation of its complex with 16S RNA; it does not, however, bind to the isolated 12S fragment. Only S7, of all the proteins tested, probably binds within the 3'-half of 16S RNA; it remains attached to the 8S fragment after digestion of the protein S7-16S RNA complex, but we have not yet succeeded in binding the protein to purified 8S RNA. Since the proteins that bind directly to 16S RNA initiate 30S subunit assembly, the apparent clustering of their binding sites in the 5'-terminal portion of the RNA may be of physiological significance. The RNA molecule is transcribed in the sense 5' --3', and it is possible that these proteins attach to nascent RNA before its synthesis is complete. Although this is not a necessary condition for the reconstitution of functional 30S particles (11), binding of certain proteins to the RNA before its release from the DNA template might be advantageous for subunit assembly in the cell.
The ability of RNA fragments to interact with ribosomal proteins shows that their binding sites are not extensively modified by partial hydrolysis of the 16S RNA molecule. Thus, the small breaks and excisions that were noted in some of the fragments do not appear to impair their ability to bind at least certain of the proteins, presumably because the overall conformation of the nucleotide chain is maintained by noncovalent bonds. Such small defects could, nonetheless, account for the failure of protein S7 to react with the 8S fragment, and of any protein but S4 to form a complex with the 9S RNA.
Binding sites for individual ribosomal proteins could arise
